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ABSTRACT 

Thorium natural resources are 3-4 times than uranium. Thorium-based fuels could favorably be 

used in reactors, behave as breeder in both thermal and fast neutron spectra and have proliferation 

resistance. The present study computationally investigates neutronic behavior of ThO2+ UO2-

fueled CANDU6 reactor. The results showed the modeled core β and βeff parameters are 640±20 

pcm and 678±20 pcm respectively. Fuel, moderator, and coolant temperature reactivity coefficients 

are negative. The spent fuel includes 1.119 ton of 
233

U after 813.7 GWd burn-up. The produced 
239

Pu is 0.43 ton after this time while the value is about 2 ton by 
Nat

UO2 fuel loading. 
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INTRODUCTION  

During the mid-1950s to the mid-1970s, (Th,U)O2 and (Th,U)C2 were tested and used as fuel in 

high temperature gas-cooled reactors (HTRs), like AVR and THTR [1-2]. Recent investigations 

into the performance and economics of mixed thoria-urania (ThO2/UO2) fuel cycles in light water 

reactors show that the fuels have some prominent advantages such as enhanced proliferation 

resistance, higher thermal conductivity, higher burn-ups, and higher conversion factor in thermal 

reactors. ThO2/UO2 fuels can operate to a relatively high burn-up level in current and future 

commercial power reactors [3-10]. Therefore, thorium fuel has been taken in attention as an 

interesting nuclear fuel for various reactor applications such as HTRs, molten-salt reactors and 

water-cooled reactors. 

Hence, neutronic analysis of the CANDU 6 fuel conversion to thorium-based type was proposed in 

this work. 
 

MATERIAL AND METHODS 

In the present study, neutronic and dynamic 

parameters of the CANDU 6 fueled with 

ThO2+
enriched

UO2 fuel has been studied using MCNPX 

2.6.0 code [11]. The UO2 weight fraction in the mixed 

oxide was chosen as 30%. The UO2 enrichment of 

5.2% was used to obtain the same execs reactivity of 
nat

UO2 fuel loading in CANDU6 core. Neutron 

generation time, radial and axial power peaking 

factors, temperature reactivity coefficients, void 

reactivity as well as β and βeff were calculated for the 

modeled core with 
nat

UO2 and ThO2+
enriched

UO2 

loadings respectively. Neutron spectra were calculated 

for the different loadings respectively. Radial 

distribution of thermal and fast neutrons was 

determined for ThO2+
enriched

UO2 loading. 

 

 

Fig. 1: Radial view of CANDU 6 core 
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Burn-up calculations were carried out for 813.7 GWd 

burn-up. Variations of the effective multiplication of 

the modeled core during the burn-up time were 

discussed for the two different fuel loadings. 

Integrated neutron flux during the burn-up time was 

compared for the different fuel loadings. Actinide 

inventory inside the spent fuel was discussed for the 

different fuels.
135

Xe and 
149

Sm reactivity worth during 

the burn-up time were discussed. A comparison 

between safety parameters of the CANDU 6 core with 

two different 
nat

UO2, ThO2+
enriched

UO2 loadings and 

available ACEL data was carried out. 

 

 

Fig. 2: Axial view of CANDU 6 core 

 

RESULTS AND DISCUSSION 

According to the calculations, the thorium-uranium mixed oxide fuel resulted in less β, neutron 

generation time, temperature reactivity coefficients and coolant void reactivity coefficient 

parameters which indicate a partially reduced safe operation of the modeled reactor in comparison 

with 
nat

UO2 fuel loading. However, the thorium-based fuel loading ensures nonthreatening 

operation of the modeled core because total reactivity coefficient of the modeled core is negative 

and other neutronic parameters did not change more than 20%. The obtained results showed the 

thorium-based fuel loading concluded in higher total power peaking factor in comparison with 
nat

UO2 fueling.  

Table 1 Comparison of different neutronic parameters of the modeled aqueous solution 

 

 

 

 

 

 

 

 
*The variation was calculated during transit from 293 K to 599 K 

** AECL data: 48 kW/m 

*** AECL data: 1.07 

 

Thermal and fast neutron flux distribution inside the modeled CANDU 6 with ThO2+
enriched

UO2 

loading was calculated using mesh tally card (Figs. 4, 5). As it is seen in the Fig.4, central 

assemblies receive higher thermal neutron flux and hence experiences higher power deposition. So, 

power density of the central channel and the central assembly as the hottest ones were calculated to 

see if the obtained results keep the licensed values.  
 

 

 

 

 

 

Neutronic parameters ThO2+
enriched

UO2 
nat

UO2 Error 

Neutron Generation time: Λ (μs) 716 869 <3% 

Delayed neutron fraction: β (pcm) 640 671 ±20 pcm 

Effective delayed neutron fraction: βeff (pcm) 687 629 ±20 pcm 

Fission per non-fission absorption ratio 0.78 0.43 <0.8 % 

Fuel temperature reactivity (mk/K)* -0.021 -0.019 <3% 

Moderator temperature reactivity (mk/K)* -0.018 -0.020 <3% 

Coolant temperature reactivity (mk/K)* -0.010 -0.031 <3% 

Moderator  void reactivity (mk/%void) -0.820 -0.742 <3% 

Coolant void reactivity (mk/%void) +0.166 +0.159 <3% 

Radial power peaking factor  1.78 1.66 <0.5% 

Axial power peaking factor 1.65 1.55 <0.5% 

Linear power density in the hottest rod (kW/m)** 53.1 47.9 <3% 

Power peaking factor of the hottest assembly *** 1.31 1.25 <4% 
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Fig. 4: Thermal neutron flux distribution inside 

the ThO2-UO2 fuelled CANDU6 

Fig. 5: Fast neutron flux distribution inside the 

ThO2-UO2 fuelled CANDU6 

 

Neutron spectra available inside the modeled core were determined using F4 tally of the used 

computational code. The results show the thorium-based fuel loading will results in less thermal 

neutron flux comparing 
nat

UO2 fuel loading of CANDU 6 core. This obviously is happened because 

of higher absorption cross sections of thorium than uranium in thermal neutron flux (Fig. 5). Power 

density of the hottest channel was calculated using mesh tally card of MCNPX 2.6.0 code. The 

results showed the axial power peaking factor of the 
nat

UO2-fueled core is 1.41 and the 

corresponded value for the ThO2+ 
enriched

UO2-fueled core is 1.44. As Fig.6 shows, there is not 

significant relative discrepancy between the power densities of two investigated fuels in the hottest 

channel.  

 

 

 

 

Fig. 5: Comparison of neutron spectra available 

inside the CANDU 6 core with different loadings 

Fig. 6: Axial deposited power inside the hottest 

fuel channel with different loadings 

 

Burn-up calculations were performed for the CANDU 6 core with the different fuel loadings. The 

calculations showed the 
nat

UO2-fueled core encounters with reactivity enhancement up ~ 206 GWd 

(~ 100 days incineration at 2060 MW power) and the core reactivity variation after this time is 

approximately steady. In case of the investigated thorium-based fuel there is seen a reactivity 

reduction in first stages of the cycle and after about 20 days the core reactivity starts to increase 

during the burn-up process (Fig.7). 
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According to the following equation, there is a converse relation between the neutron flux and 

effective multiplication of a core in constant power: 

 

Where  is obtained by F4 tally card of the computational code and  is defined as the obtained 

neutrons per fission. Therefore, the integrated neutron flux of the 
nat

UO2-fueled core experiences 

approximately continues drop during the burn-up process (Fig.8).  

 

 

 

 

Fig. 7: Effective multiplication factor variations 

during 813.7 GWd burn-up 

Fig. 8: Integrated neutron flux variation during 

813.7 GWd burn-up 

 

Reactivity worth of 
135

Xe and 
149

Sm were determined during the CANDU 6 burn-up process. The 

parameter can determine operation dependency degree of the nuclear core to 
135

Xe and 
149

Sm 

oscillations. The calculations showed the thorium-based fuel loading could result in minor 

dependency to 
135

Xe and 
149

Sm oscillations during the core operation (Figs.9, 10). 

 

 

 

 
Fig. 9: 

149
Sm reactivity worth during 813.7 GWd 

burn-up 

Fig. 10: 
135

Xe reactivity worth during 813.7 GWd 

burn-up 

 

Whereas the most radiotoxic elements of the spent fuel are plutonium isotopes, the thorium-based 

fuel could noticeable reduce the produced concentration of the alpha emitter radioisotopes at EOC. 
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Also the produced amount of weapon-grade 239-plutonium was reduced with a factor of about 0.2 

in the investigated spent thorium-based fuel than 
nat

UO2 loading (Table 2). 
 

Table 2 Comparison of actinide inventory in the modeled core which experiences a burn-up at 

2060 MW power 

Isotope Mass (g) Activity (Ci) Mass (g) Activity (Ci) Half life Particle emission 

 ThO2+
enriched

UO2 
Nat

UO2   
231

Th 4.818E+00 2.561E+06     25.52 h β
-
 

232
Th 5.468E+07 5.996E+00     1.405E+10 y α 

233
Th 1.405E+02 5.082E+09     22.3 m β

-
 

232
Pa

 
1.516E+00 6.512E+05     1.31 d β

-
 

233
Pa 2.386E+05 4.952E+09     26.967 d β

-
 

233
U 1.119E+06 1.079E+04     1.592E+5 y α 

234
U 1.616E+05 1.005E+03 5.131E+00 3.190E-02 2.455E+5 y α 

235
U 1.638E+05 3.540E-01 1.160E+05 2.508E-01 7.038E+8 y α 

236
U 1.677E+05 1.085E+01 8.178E+04 5.289E+00 2.455E+5 y α 

237
U 3.014E+02 2.460E+07 1.427E+02 1.165E+07 6.75 d β

-
 

238
U 2.152E+07 7.232E+00 8.486E+07 2.852E+01 2.342E7 y α 

239
U 1.004E+02 3.365E+09 4.030E+02 1.351E+10 23.45 m β

-
 

237
Np 6.834E+03 4.816E+00 3.550E+03 2.502E+00 2.144E+6 y α 

238
Np 2.932E+01 7.598E+06 1.278E+01 3.312E+06 2.3565 d β

-
 

239
Np 1.448E+04 3.358E+09 5.814E+04 1.349E+10 2.117d β

-
 

238
Pu 1.111E+03 1.902E+04 6.551E+02 1.122E+04 87.7 y α 

239
Pu 4.348E+05 2.697E+04 2.068E+06 1.283E+05 24110 y α 

240
Pu 1.576E+05 3.577E+04 6.274E+05 1.424E+05 6563 y α 

241
Pu 8.652E+04 8.942E+06 3.608E+05 3.728E+07 14.35 y α 

242
Pu 4.462E+04 1.764E+02 1.358E+05 5.369E+02 3.733E+5 y α 

 

The thorium-based fuel could experience higher burn-up and 
233

U fissile inventory elongates the 

fuel cycle while shifts the core to breeder operation in both thermal and fast neutron spectra (Table 

3). Comparison between the calculated neutronic parameters and the ACEL data showed good 

conformity with 6.5 % relative discrepancy in prompt neutron lifetime value (Table 4). 
 

Table 3 Comparison of fuel consumption in the modeled core after 813.7 GWd burn-up 

Fuel type 
Fissile/fertile consumption (kg) Fissile production (kg) Consumption (%) 

235
U 

238
U 

232
Th

 241
Pu 

239
Pu 

233
U Fissile Fertile 

ThO2+
enriched

UO2 111.9 1870 2720 86.52 434.8 1119 87.2 12.7 
Nat

UO2 551.7 7220 ─ 360.8 2068 ─ 82.6 7.84 

 

Table 4 Comparison of some safety parameters of the CANDU core fed different fuels [12] 

Safety parameter 
Nat

UO2, our work ThO2+
enriched

UO2 
Nat

UO2, AECL ACR-700, AECL 

Fuel temperature effect  (mk/K) -0.019 -0.021 Small negative -0.0044 

Coolant temperature effect (mk/K) -0.031 -0.010 Positive -0.0033 

Moderator temperature effect (mk/K) -0.020 -0.018 Slightly positive -0.0072 

Delayed neutron fraction (pcm) 671 640 580 560 

Prompt neutron lifetime (ms) 0.98 0.78 0.92 0.33 

In addition, table 4 showed 15.6% relative discrepancy between the calculated β and ACEL data 

that the discrepancies could be arisen of non-simulation of acid boric solution and control zooms.   
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CONCLUSIONS 

Whereas thorium is about three times more abundant in nature compared to uranium and exists 

naturally mono-isotope that can be converted to fissile isotope 
233

U, its practical application as a 

routine fuel is being investigated by many countries. Our nuetronic calculations showed good 

potentials of the CANDU 6 core for its routine fuel conversion to a Th-based type. The fuel 

conversion ensures safe operation of the nuclear core because the safety parameters did not 

changed noticeably. Less high-level waste production is another important feature of such fuel. 

Finally, independency to 
135

Xe and 
149

Sm oscillations could be regarded as concerning topics of 

such thorium-based fuel that should be investigated in more details. 
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NOMENCLATURE 

AECL (Atomic energy of Canada limited) 

ACR (Advanced Candu Reactor) 

AVR (Arbeitsgemeinschaft Versuchsreaktor Reactor) 

CANDU (Canada deuterium uranium) 

EOC (End Of Cycle) 

HTR (High temperature reactor) 

MCNPX (Monte Carlo N-particle eXtended) 
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